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Abstract
Detectors at future linear colliders will require unprecedented energy and position resolutions. Two CMOS Mono-
lithic Active Pixel Sensor (MAPS) concepts, TPAC and FORTIS, have been designed to study the issues involved
in achieving these requirements. One application proposes MAPS as the active layer of a sampling electromagnetic
calorimeter, allowing high granularity calorimeter systems which can utilise particle ﬂow techniques. The TPAC sen-
sors were developed to study this application. These sensors were made with a new fabrication technology and have
demonstrated a signiﬁcantly improved MIP eﬃciency compared to sensors made using the standard fabrication tech-
nology. The sensors have been tested at CERN and DESY for their response to positrons, pions and electromagnetic
showers. TPAC sensors have also been irradiated using x-rays to investigate their radiation hardness for use in vertex
and tracking detectors. A noise increase ≤7% has been observed at 1 Mrad.
c© 2011 Published by Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for
TIPP 2011.
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1. Introduction
The use of CMOS Monolithic Active Pixel Sensors (MAPS) for the detection of minimum ionising
particles (MIPs) has been successfully demonstrated [1] and allows the development of high sensitivity,
low noise, radiation tolerant sensors. The SPiDeR Collaboration [2] has developed two MAPS sensors, the
FOuR Transistor Imaging Sensor (FORTIS), and the TeraPixel Active Calorimeter (TPAC) Sensor, both of
which utilise the INMAPS process.
1.1. INMAPS Process
In a standard CMOS sensor, charge is collected as it diﬀuses to the signal diodes. This charge however
is also collected parasitically at other N-wells, reducing the charge collection eﬃciency and prohibiting
the use of PMOS components. The INMAPS process has been developed [3] which allows the N-wells in
the PMOS to be shielded using a deep P-well implant, as shown in Figure 1, thus decreasing the parasitic
charge collection and allowing full CMOS technology to be used. The INMAPS process also allows sensors
to be fabricated with a high-resistivity substrate. The TPAC sensor is the ﬁrst sensor manufactured using
this INMAPS technology and the beneﬁts to charge collection and pixel eﬃciency have been demonstrated
[4][5].
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Fig. 1: Schematic of a typical standard CMOS sensor (left), and a CMOS sensor utilising INMAPS (right)
1.2. TPAC Sensor
The TPAC sensor is a binary readout sensor designed to be used in the electromagnetic calorimeter
system at a future linear collider. The TPAC sensor contains 28224 pixels in a 168×168 grid with a pitch
of 50 μm. Each region of the sensor is subdivided into 168 rows of 42 pixels with each row further divided
into seven segments of six pixels. The TPAC DAQ is conﬁgured to run in a mode consistent with ILC beam
parameters with a timing structure of 8000 timestamps of 400 ns within a 3.2 μs bunch train. Due to the
size of the in-sensor memory, each segment can have a maximum of 19 hits in a bunch train and it is thus
essential to keep noise to a minimum to avoid losing genuine hits due to the memory ﬁlling.
The 50 micron pixels contain four N-well diodes for charge-collection, single-ended charge preampliﬁer,
shaper, diﬀerential comparator for threshold discrimination, digital logic for threshold trim adjustment and
pixel masking. During a hit event the hit-logic will generate a one-time “hit-ﬂag” output to the logic. The
CR-RC shaper output will decay according to input signal magnitude, after which the pixel can accept
another event. Pixels are served by shared row-logic which stores the location and time-stamp of pixel hits
in local SRAM. The sparse hit data is read out from the columns of logic after the bunch train/experimental
period. More information on the curcuitry can be found here [6]. The threshold is set in arbitrary units of
DAQ Threshold Units (DTU) and the TPAC sensors have operated at thresholds of between 130 and 250
DTU. During bulk pixel calibration the conversion factor for a pre-shape architecture was found to be 3.3 e−
per DTU [5, Section 5.2].
Fig. 2: Pixel block diagram of the TPAC circuitry
The sensor is currently in its third iteration, TPACv1.2 (refered to as TPAC in these proceedings), and
there are four derivations of the TPACv1.2 sensor
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1. 12 μm standard epitaxial layer (“standard”)
2. 12 μm standard epitaxial layer with deep P-well
3. 12 μm high-resistivity epitaxial layer with deep P-well
4. 18 μm high-resistivity epitaxial layer with deep P-well
Information on previous TPAC iterations can be found here [4].
1.3. Electromagnetic Calorimetry
In a conventional sampling (Analogue) Electromagnetic Calorimeter (ECAL) system, the incident par-
ticle showers through a dense material and the shower particles then deposit energy within the active layers
of the ECAL. The energy collected is then scaled to the energy of the incident particle using a sampling
fraction that has been determined during the design and commissioning of the system.
The energy deposited in an ECAL as a function of the depth of the calorimeter is given by [7, Section
27.5]
dE
dt
= E0b
(bt)a−1 exp(−bt)
Γ(a)
(1)
where E0 is the energy of the incident particle, a and b are characteristic parameters of the material, and
t =
x
X0
(2)
expresses the shower depth, x, in units of radiation lengths, X0, of the material. The shower maximum occurs
at
tmax =
(a − 1)
b
= ln(y) + 0.5 (3)
where
y =
E0
EC
(4)
and EC is the critical energy of the material.
1.3.1. Problems with Analogue ECAL
The energy resolution of an ECAL with analogue readout however suﬀers from multiple sources of
uncertainty. Initially, the number of particles in the shower is proportional to the energy of the incident
particle, and is subject to ﬂuctuations due to the statistical nature of the showering process. The average
energy deposited in the active layers not only depends on the number of particles but also on the angle of
incidence and velocity of these particles. Due to these additional factors, counting the number of particles
gives an intrinsically better measure of the energy of the incident particle and forms the idea of a Digital
ECAL (DECAL).
1.3.2. Digital ECAL: The Concept
The concept of a DECAL is similar to that of an analogue ECAL but counts the number of particles in
a shower rather than the energy the particles deposit, avoiding some of the sources of error in the energy
resolution. Since the number of shower particles is proportional to the energy of the incident particle, and the
amount of energy deposited is related to the number of particles in the shower, we obtain from Equation 1
dE
dt
∝ Nparticles (5)
To count accurately the number of particles, and assuming each pixel can record only a single hit, the
pixels need to be small enough to avoid two particles hitting a single pixel which will cause saturation at
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higher densities. An electromagnetic shower in the ECAL at the ILC will have a peak density of approx-
imately 100 particles/mm2, leading to a pixel size of 50×50 μm2. This gives a total of ∼1012 pixels in a
complete DECAL of the size needed for the ILC, meaning that the dead space associated with each pixel
must be kept to a minimum and the integrated readout electronics of the TPAC pixels ensures this is possible.
Figure 3 shows an improved energy resolution when simulating a DECAL compared to a conventional
analogue ECAL. Both setups have 20 layers of 0.6 X0 of absorbing material plus 10 layers of 1.2 X0, with
just the active material changed from an analogue silicon readout to binary silicon sensors. The DECAL
simulation was conducted using 50×50 μm2 pixels.
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Fig. 3: The single photon energy resolution for a conventional ECAL (green) and a DECAL with 50×50
μm2 pixels (red)
2. TPAC Testing
The FORTIS [8][9] and TPAC sensors have been thoroughly tested at beam tests at CERN and DESY,
and their response to damage by x-rays have been studied. Here we present results for the TPAC sensors.
2.1. Beam Test
During August 2009 and March 2010, the TPAC sensors were taken to beam tests at CERN and DESY
respectively where they were exposed to 20-120 GeV pions and 1-5 GeV positrons. At any one time, six
sensors were tested in a stack, with the whole stack being surrounded by three scintillators attached to
photomultiplier tubes which allowed a time measurement of the events.
The stack operated in two modes, the ﬁrst was tracking with six sensors, and the second was showering
with four sensors providing trajectory information upstream of a block of showering material and two down-
stream sensors that detected the showering particles. These setups allowed studies to be conducted into the
single pixel eﬃciencies, and the sensors’ response to shower multiplicities and the maximum shower densi-
ties for various amounts of absorbing material.
2.1.1. Single Pixel Eﬃciencies
At both the CERN and DESY beam tests, the TPAC stack operated in tracking mode and the single
pixel eﬃciencies for the TPAC sensors were determined. The six sensors were arranged into three pairs
of sensors. Tracks were formed in the outer two pairs and then projected into the middle pair of sensors.
The probability of a hit occuring around the projected track was then determined and a distribution of the
probabilities was made (see Figure 4). The distribution was then ﬁtted with a ﬂat top distribution convoluted
with a Gaussian to determine the overall eﬃciency. This process has been completed for all four sensor
variants at various thresholds and the results are also shown in Figure 4 [5].
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Fig. 4: An example of the hit probability distribution as a function of the transverse distance from the
projected track (left) and the results of the ﬁt as a function of thresholds for the four sensor variants (right)
Figure 4 shows that the sensors with the deep P-well INMAPS implant have a signiﬁcantly increased ef-
ﬁciency over the standard CMOS sensors across all thresholds. This clearly demonstrates that the INMAPS
concept works. Over the studied range of thresholds, the sensors with the high resistivity epitaxial layer
maintain a higher eﬃciency whereas the eﬃciency of the standard epitaxial layer sensors drops at higher
thresholds. This is due to the increased charge collection achieved by the high resistivity sensors.
2.1.2. Shower Multiplicities
The beam test at DESY was split into two runs, during the second of which the TPAC stack was setup
in showering mode. Here we present results of the shower multiplicity detected by the TPAC sensors for
1-12 X0 of tungsten as the showering material with the sensors running at a high and a low threshold.
The four sensors upstream of the absorbing material were used as tracking sensors and the number of
tracks projected through the downstream sensors per event, Pin, was used as a normalisation for the shower
multiplicity calculations. The number of hits in the downstream sensors, PSensor, were then counted. The
particle multiplicities in the shower are thus given by
PMultiplicity =
PSensor
Pin
(6)
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Fig. 5: Shower multiplicity against material depth
for simulation (red) and data at low (black) and
high (blue) thresholds ﬁtted with Equation 1
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Fig. 6: Shower multiplicity against material depth
for a sensor running at low threshold for 1-4 GeV
positrons ﬁtted with Equation 1
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The behaviour of the shower multiplicity is as expected with a reduced multiplicity for the higher pixel
threshold but with the peak from ﬁtting with Equation 1 in the same location (see Figure 5). The Geant4
simulation cannot be directly compared to the data as there is currently no charge diﬀusion, digitisation, or
threshold implemented. The energy is however binned in 50×50 μm2 regions to represent pixels and the
peak position from the simulation and the two thresholds agree and as such, with further development the
simulation will be a valid comparison.
As the energy of the incident positron increases the shower multiplicity increases across the range of
material depth (see Figure 6). This is as expected from the assumption that the number of particles in the
shower is related to the energy of the original particle and demonstrates that the concept of a DECAL is
feasible. Extracting the parameters a and b from the ﬁt to Equation 1 allowed a calculation of tmax from
Equation 3 and the increase in maxima position was found to have logarithmic dependance on the incident
particle energy.
2.2. Irradiation Studies 1
Potential uses of MAPS sensors utilising the INMAPS process have emerged for vertex and tracking
systems for SuperB [10] and ALICE ITS [11] upgrades respectively. For these purposes, the sensors need
to be radiation hard to survive and operate correctly in the high radiation environments close to the beam
line. TPAC sensors have been irradiated with x-rays whilst held at 0V at a dose rate of 60 rad/s.
To determine the noise and pedestal of each pixel, a threshold scan was performed where the number
of hits was found as a function of the threshold of the pixel. This scan was completed for each pixel and
allowed pixel maps to be created of the pedestal and noise values. After a sensor had been exposed to the
radiation the scans were repeated and the changes in the pedestal and noise values were compared on a pixel
by pixel basis. The mean of the diﬀerences was then found to give a sensor wide change due to the radiation
dose. This method was conducted after each exposure with the diﬀerences in the pedestal and noise values
from zero dose being calculated.
Two nominally identical standard 12 μm INMAPS sensors were exposed, the ﬁrst in doses of 1 Mrad
up to 4 Mrad, and the second in doses of 200 krad up to 1 Mrad. These tests were performed to investigate
interesting behaviour in the spread of the pedestal diﬀerences across the sensor. As the dose increased, the
mean pedestal increased in both sensors by ∼30% at 1 Mrad rising to 35% at 4 Mrad (see Figure 7). When
testing sensor 3 the RMS of the pedestal diﬀerences from zero dose across the sensor increased by 60%
(18 DTU, 59.4e−) at 1 Mrad and then remained constant up to higher doses. When calculated from adjacent
doses, the RMS of the diﬀerences was ∼8 DTU (26.4e−). This width is expected from the noise in the pixels
and demonstrates that some pixels underwent a large pedestals shift at low dose and did not change at higher
doses. The second sensor also demonstrates an increase in the RMS up to 800 krad; the RMS at 1 Mrad
decreases as the sensor underwent some annealing between doses (see Figure 7).
A third sensor was exposed and allowed to anneal at ground over the course of a month whilst being
tested at intervals of 24, 48, 168, and 672 hours. Figure 8 shows the mean pedestal change for this sensor. At
maximum dose, the pedestal had shifted by ∼3.5 DTU (11.5e−) and as such, it can be seen that after just 24
hours 60% of the threshold shift has annealed away rising to 85% after the full 672 hours. This demonstrates
that the damage caused by the radiation anneals away rapidly if the sensors are not tested immediatly.
The noise changes in the sensors were also studied over the same doses. There was an increase in
sensor 3 and sensor 4 of 6% (1.1e−) and 7% (1.3e−) respectively at 1 Mrad (from initial noise of 17.9e− and
18.3e− respectively) rising to ∼16% (2.9e−) for sensor 3 dosed to 4 Mrad (Figure 9). This relativly small
noise increase for a large dose is very promising for the TPAC sensor and the INMAPS process. The noise
behaviour during annealling however was very diﬀerent to that of the pedestal. The sensor that was allowed
to anneal saw a negligable change in the noise. Due to the diﬀerence in the nature of the noise and pedestal
annealing there must be at least two kinds of damage caused by the radiation, one aﬀecting the noise and
another aﬀecting the pedestal.
1Note the results in these proceedings diﬀer slightly to those presented due to improved analysis
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Fig. 7: The fractional change in the mean pedestal diﬀerences per sensor (left) and the fractional change of
the pedestal RMS per sensor (right) for various doses
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3. Summary
It has been demonstrated that a TPAC sensor utilising the INMAPS technology has an eﬃciency ﬁve
times greater than that of a TPAC sensor using standard CMOS architecture, due to the use of PMOS
components. Beam tests have shown an increase in the shower multiplicities detected by a TPAC sensor
with increasing energy showing that the sensor does not saturate over the range of energies tested. The
behaviour of the multiplicities with the amount of material agrees with the expectations from Equation 1
and thus justiﬁes the assumption in Equation 5. TPAC sensors have been exposed to high doses and have
experienced an increase in the noise of just 6-7% at 1 Mrad and 16% at 4 Mrad. As the predicted dose in
the ALICE ITS is 2 Mrad [12] over 10 years, these results are encouraging for future applications of TPAC
sensors beyond their original intended use in the electromagnetic calorimetry for e+e− colliders.
Future work will include further irradiation studies to diﬀerent doses and with sensors under diﬀerent
bias. There is also the possibility that the sensors could be exposed to diﬀerent types of irradiation e.g.
protons or ions. The shower multiplicities will also to be converted into shower density measurements for
comparison with simulation and data taken with the EUDET telescope [13][14] using MIMOSA-26 sensors
[15].
4. Acknowledgements
I would like to thank the organisers for allowing me the opportunity to attend the conference and present
our work. I would also like to thank the Moreton travel fund, University of Birmingham, for ﬁnancial
support, and Matt Wilson of Rutherford Appleton Laboratory for his help with the radiation studies.
References
[1] R. Turchetta, CMOS Sensors for the Detection of Minimum Ionising Particles, in: Proceedings of the 2001 IEEE Workshop on
Charge-Coupled Devices and Image Sensors, Lake Tahoe, Nevada, USA, 2001, pp. 7–9.
[2] Home - SPiDeR - RAL Conﬂuence System, http://www.spider.ac.uk.
[3] J. A. Ballin, et al., Monolithic Active Pixel Sensors (MAPS) in a quadruple well technology for nearly 100% ﬁll factor and full
CMOS pixels, Sensors 2008 (2008) 5336–5351.
[4] J. Ballin, et al., Design and performance of a CMOS study sensor for a binary readout electromagnetic calorimeter, JINST 6
(2011) P05009. doi:10.1088/1748-0221/6/05/P05009.
[5] P. Dauncey, Performance of CMOS sensors for a digital electromagnetic calorimeter, PoS ICHEP2010 (2010) 502.
[6] Crooks, J.P. and others, A novel CMOS monolithic active pixel sensor with analog signal processing and 100% ﬁll
factor, in: Nuclear Science Symposium Conference Record, 2007. NSS ’07. IEEE, Vol. 2, 2007, pp. 931 –935.
doi:10.1109/NSSMIC.2007.4437171.
[7] K. Nakamura, et al., Review of particle physics, J.Phys.G G37 (2010) 294–295. doi:10.1088/0954-3899/37/7A/075021.
[8] J. Velthuis, First beam test results of the fortis sensor, in: Nuclear Science Symposium Conference Record (NSS/MIC), 2010
IEEE, 2010, pp. 1017 –1020. doi:10.1109/NSSMIC.2010.5873919.
[9] R. Coath, et al., Advanced pixel architectures for scientiﬁc image sensors.
[10] M. Bona, et al., SuperB: A High-Luminosity Asymmetric e+ e- Super Flavor Factory. Conceptual Design Repor-
tarXiv:0709.0451.
[11] G. Dellacasa, et al., ALICE technical design report of the inner tracking system (ITS)Hardcopy at DESY.
[12] T. Peitzmann, the ALICE Collaboration, Alice detector upgrades, Journal of Physics G: Nuclear and Particle Physics 38 (12)
(2011) 124128.
URL http://stacks.iop.org/0954-3899/38/i=12/a=124128
[13] EUDET Detector R&D towards the International Linear Collider, http://www.eudet.org/.
[14] E. Corrin, The eudet high resolution beam telescope - the ﬁnal digital readout, in: Nuclear Science Symposium Conference
Record (NSS/MIC), 2009 IEEE, 2009, pp. 816 –819. doi:10.1109/NSSMIC.2009.5402354.
[15] J. Baudot, G. Bertolone, A. Brogna, G. Claus, C. Colledani, et al., First test results of MIMOSA-26: A fast CMOS sensor with
integrated zero suppression and digitized output.
